In codes the drift capacity of unreinforced masonry (URM) walls is often estimated as a function of the failure mode and the aspect ratio. The empirical relationships are based on results from quasi-static cyclic tests on single URM walls, which were tested simulating either fixed-fixed or cantilever boundary conditions. In real structures, the stiffness and strength of slabs and spandrels define the boundary conditions of the walls and therefore the moment, shear force and axial force imposed on a wall during an earthquake. Depending on the exact configuration of wall, slab and spandrel, the boundary conditions can vary significantly.
Introduction
In unreinforced masonry (URM) buildings, walls are connected by horizontal structural elements such as slabs and masonry spandrels. When walls are subjected to in-plane loading, these horizontal elements act as coupling elements between the walls and the system is often analysed using equivalent frame models [1] . The stiffness and strength of these coupling elements can vary significantly and three levels of coupling are distinguished in the literature, see Fig. 1 , e.g. [2, 3] : (i) weak coupling, where the horizontal elements impose only equal displacements on the walls of each storey but do not transfer significant shear forces or bending moments, (ii) strong coupling, where vertical and horizontal elements develop together a framing action and where the coupling elements remain largely elastic when the structure is subjected to horizontal loading, (iii) intermediate coupling, where the moments transferred by the coupling elements are limited but not negligible. The coupling elements influence the rotational restraint at the top of the wall and therefore, the moment profile. For outer walls, the coupling elements cause also a variation of axial force in the wall. For inner walls in symmetrical structures, the axial force variation due to the horizontal loading is small and can often be neglected.
In most codes, such as EC8-Part 3 [4] , the drift capacity of URM walls is estimated as a function of the failure mode and the aspect ratio. These empirical relationships are based on results from quasi-static cyclic tests on URM walls, which were tested simulating either fixed-fixed or cantilever conditions. Hence, as only two types of boundary conditions were applied, a detailed investigation on the influence of the boundary conditions on displacement capacities of URM walls was not possible. To complement previous tests, this study comprises six wall tests with different boundary conditions typical for internal or external walls in URM buildings with RC slabs. The findings are compared to the results of a dataset comprising 64 wall tests and the relationship between axial stress, degree of coupling and displacement capacity is discussed. The dataset also shows that the displacement capacity of URM walls is affected by a strong size effect: tests on walls with smaller height lead to higher drift capacities than full storey height walls. New equations for drift capacity should therefore account for the http://dx.doi.org/10.1016/j.engstruct.2014.01.048 0141-0296/Ó 2014 Elsevier Ltd. All rights reserved. boundary conditions (moment profile, axial load ratio) and the size effect.
Quasi-static cyclic tests on masonry walls
To investigate the effect of the boundary conditions (axial load ratio and moment profile) on the deformation capacity of URM walls, a series of six wall tests was designed. The boundary conditions to be applied in the tests were derived from pushover analyses of a 4-storey masonry wall with RC slabs using the macro-element program Tremuri [1, 5] . The wall was analysed for 
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Internal wall: H0 highly influenced by the degree of restraint External wall: H0 mainly influenced by the loading direction *) *) H0 for the external wall on tension side also influenced by the degree of restraint, hence, H0 is similarly influenced as the internal wall H0 H0 two different moment capacities of the RC beam elements representing a case of intermediate coupling (Fig. 2 left) and strong coupling ( Fig. 2 right) . The walls were tested using the test stand shown in Figs. 3 and 4. The test stand allowed applying one horizontal force and two vertical forces by means of three servo-hydraulic actuators, which were controlled in a fully coupled mode. All six walls had the same height H, length L and thickness T (H = 2.25 m, L = 2.01 m, T = 0.20 m). The first three tests (PUP1-3) simulated an internal wall and the next three tests (PUP4-6) an external wall. All tests represented walls at the first floor where failure in URM buildings is expected. The following section summarises the analysis results and the boundary conditions derived for the tests.
Simulating the boundary conditions of internal walls: PUP1 to PUP3
In URM buildings with a regular wall layout, the axial force in an internal wall does not vary significantly when the wall is subjected to horizontal loading. Hence, the axial load in internal walls can be assumed independent from the degree of coupling and only the rotational top restraint was changed between PUP1-3. For the 4-storey reference building, the axial load acting on an internal wall at the ground floor is N = 419 kN. This corresponds to a normal stress ratio of r 0 /f u = 0.18, where f u represents the average compressive strength of the investigated masonry and r 0 the applied normal stress.
Reference test specimen PUP1
For the first test specimen PUP1 standard fixed-fixed boundary conditions were applied, i.e., the rotation of the top beam was controlled to be zero, while the total normal force was kept constant:
where N is the total normal load and F ver,1 and F ver,2 the force applied through the two vertical actuators (see Fig. 3 ).
Reduced rotational top constraints for PUP2 and PUP3
The effect of different degrees of coupling on the axial load and moment profiles is shown in Fig. 2 . It can be seen that fixed-fixed boundary conditions are not representative for the moment profiles over the height of an internal wall of the first storey. For most building configurations, the bottom moment of the wall is significantly larger than the top moment. For weak to intermediate coupling, the top and bottom moment might even have the same sign. Thus, PUP2 and PUP3 were allowed a limited top rotation. Instead of controlling this top rotation, the height of the shear span H 0 was kept constant throughout the test, i.e., the applied moment at the top was a function of the applied horizontal force. The total axial load applied by the two vertical actuators was maintained constant throughout the test. For PUP2 and PUP3, the shear span was fixed at H 0 = 0.75H and 1.5H, respectively, where H is the height of the wall (Table 1) .
2.2.
Simulating the boundary conditions of an external wall: PUP4 to PUP6 2.2.1. PUP4 and PUP5 with constant axial load and constant shear span
In an external wall, a unilateral coupling moment is introduced and affects thus the axial load in the wall. Fig. 2 shows that the axial load in an outer wall at the first storey fluctuates by approximately ±50%. Hence, PUP4 and PUP5 were tested under a constant axial load of 619 kN and 219 kN, respectively. However, with varying axial force also the shear span changed (Fig. 2) and therefore for PUP4 and PUP5 shear spans of H 0 = 0.75H and 1.5H were chosen, respectively (Table 1) .
Varying axial load and shear span for PUP6
In a real building, the axial load in an external wall varies with the direction of the lateral load. While for one loading direction the axial load in the wall increases, it decreases for the opposite loading direction (see Fig. 2 ). Hence, when simulating an external wall, the boundary conditions applied to PUP4 and PUP5 should be combined. Therefore for PUP6, the axial load and shear span were taken as linear functions of the horizontal load F hor . Hence, the boundary conditions of PUP6 approached in the negative and positive directions, those of PUP4 and PUP5, respectively:
where N max = 619 kN, N min = 219 kN, H 0,min = 0.75H and H 0,max = 1.5H correspond to the boundary conditions of PUP4 and PUP5, while F hor,max = ÀF hor,min = 133 kN was determined as the average of the horizontal force capacities obtained from PUP4 and PUP5.
Instrumentation and testing procedure
A set of conventional hard-wired measurements was used to measure the forces in all three actuators, the displacement at the top of the wall and local deformations in bricks and joints at all four corners of the wall. In addition, a LED-based optical measurement system was used to follow the displacements of the wall and at the steel plates at the top and bottom of the wall (see markers in Fig. 3 ). The force-drift hystereses in Figs. 6-11c were obtained from the average displacement of the markers on the top steel plate. Note that the drift herein this article stands for the interstorey drift, which is obtained when dividing the top displacement by the height of the walls. In the reinforced concrete community, the drift is often defined as chord rotation which is computed as the displacement at the inflection point divided by the shear span. While for walls tested as cantilever or under fixed-fixed boundary conditions chord rotation and interstorey are the same, they diverge from each other for walls tested under different boundary conditions. From our own tests, which included tests with shear span ratios different to 1 or 0.5, we found that interstorey drift approximates chord rotation in general reasonably well. The ratio of interstorey drifts to chord rotations are approximately 1.05 for H 0 /H = 0.75 and 0.85 for H 0 /H = 1.5.
After applying the axial load, the test unit was subjected to drift cycles with the following amplitudes: 0.025%, 0.05%, 0.1%, 0.15%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8% and 1.0% (see Fig. 5 ). Note that the cycles with amplitudes of 0.15% and 0.25% were not included in the loading history applied to PUP1, but added from PUP2 onwards since the performance of PUP1 deteriorated rapidly within the cycles with amplitudes of 0.2% and 0.3%.
Material properties
The walls were constructed with a typical modern Swiss hollow clay brick unit. The head and bed joints were fully mortared and were 10-12 mm thick. The outer dimensions of the bricks were 190 Â 300 Â 195 mm (H Â L Â W). Webs and shells were 8-10 mm thick and the void ratio was 49%. The mean strength values and coefficients of variation obtained from material tests on the bricks are summarized in Table 2 . The cement mortar WEBER MUR MAXIT 920, used for the construction of the walls, is one of the most commonly used mortars in Switzerland. Mortar samples were taken while constructing walls and wallettes for material tests. The mortar samples were tested as the same time as the corresponding walls and wallettes. The mortar properties are summarized in Table 2 .
To determine the material properties of the masonry, three types of standard material tests were conducted: (i) 5 compression tests on masonry wallettes [6] , (ii) 8 shear tests on masonry triplets [7] and (iii) 5 diagonal tensile tests on square masonry wallettes [8] . The results are summarized in Table 3 .
Results from wall tests
For all test units, the loading was continued until the walls were no longer able to carry the applied vertical load. Therefore, within this series, two different failure limit states are distinct: (i) the horizontal load failure is defined as the drift where the strength dropped to 80% of the peak strength and (ii) the vertical load failure is attained, when the walls can no longer sustain the load applied by the vertical pistons. The horizontal failure corresponds to the limit state ''Near Collapse'' as defined in EC8-Part 3 [4] . Figs. 6-11 show the crack pattern of PUP1-6 after horizontal and vertical load failure, the applied boundary conditions and the hysteretic response. The following sections discuss the influence of the shear span, the axial load ratio and the loading history on the deformation behaviour of the test units. PUP1 and PUP2 developed a shear failure while PUP3 failed due to rocking. All three walls developed first horizontal cracks in the mortar joints. While horizontal cracks appeared simultaneously at the top and bottom of PUP1, the horizontal joints at the top of PUP2 and PUP3 remained almost uncracked due to the smaller top moment. The horizontal cracks at the base of PUP2 and PUP3, however, opened up wider and spread over a larger height than in PUP1. In PUP1 and PUP2 the first diagonal cracks appeared at a nominal drift of 0.1%. Differences could be observed with regard to the initial inclination of the diagonal cracks, which were steeper for PUP2 (30-35°with respect to the vertical, Fig. 7a ) than for PUP1 (cracks followed from the beginning the diagonal of the wall, Fig. 6a ). With continuing loading and degradation, further inclined cracks developed in PUP2 and finally, the deformations concentrated along one diagonal crack spanning from one corner of the wall to the other, similar to PUP1 (compare Fig. 7a and b) . In PUP3, the first inclined cracks appeared not before the cycles with a nominal drift of 0.4% and did not influence the failure mode (see Fig. 8a and b). When comparing the displacement capacity of PUP1-3 (see Table 4 ), it can be noticed that the capacity increased with increasing shear span. This applied to the displacement capacity associated with horizontal as well as vertical load failure. The increased displacement capacity was mainly due to the increased flexural deformations of the walls: while in PUP1 only few horizontal cracks developed at the top and bottom of the wall before deformations concentrated in one diagonal crack, horizontal cracking in PUP2 and PUP3 spread over a larger portion of the wall. An increased shear span leads therefore to an increase in deformation capacity.
4.2.
Effect of the axial load ratio r 0 /f u PUP2 and PUP5 were both tested applying a constant shear span of 0.75H. The two test units differed with respect to the applied axial load (PUP2: r 0 /f u = 0.18, PUP5: r 0 /f u = 0.09). Both walls showed at the beginning a similar crack pattern: the first cracks were horizontal cracks at the base of the wall. Shortly after, the first diagonal cracks appeared (at a nominal drift of 0.1% for PUP2 and 0.15% for PUP5). In both cases the first diagonal crack was steeper than the dominating crack at failure (see Figs. 7 and 10a and b). However, the larger normal force of PUP2 seemed to provoke more inclined cracks through the bricks, while in PUP5 the inclined cracks followed at the beginning the joints (stair step cracks) and passed only later through the bricks leading to a smaller strength 
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Results from diagonal tensile tests: Diagonal tensile strength 0.50 ± 10% MPa degradation than for PUP2. Although both test units developed a shear failure mode, the displacement capacity of PUP5 was approximately 40% larger than the one of PUP2 (this applied to horizontal load failure and vertical load failure). It is assumed that the reduced degradation of the diagonal crack increased the displacement capacity for PUP5 (see Table 4 ). Also PUP3 and PUP4 were both tested with a constant shear span of 1.5H and differed with respect to the applied axial load (PUP3: r 0 /f u = 0.18, PUP4: r 0 /f u = 0.26). Both walls developed first a flexural behaviour, while inclined cracks formed only at a later stage. PUP3 and PUP4 failed eventually due to a flexural and a hybrid failure, respectively. Due to the higher level of normal stresses and shear stresses in PUP4, the inclined cracks and local crushing at the toe appeared for PUP4 at smaller displacement demands than for PUP3 (see Table 4 ) leading to a faster strength degradation of PUP4. Thus, similar to PUP2/PUP5, the increase in axial load led to a reduced drift capacity.
Asymmetrical loading
The boundary conditions of PUP6 approached for the positive loading direction those of PUP5 and for the negative loading direction those of PUP4. Figs. 12 and 13 show the applied axial load and shear span ratio as function of the applied horizontal load and drift. The critical loading direction of PUP6 was the negative direction where the boundary conditions of PUP4 were approached. For horizontal and vertical load failure, the drift capacities of PUP6 were 2.0 and 1.6 times larger than those of PUP4 (Table 4) , i.e. the results suggest that the displacement capacity of symmetrical loaded walls is smaller than the displacement capacities of walls that are asymmetrically loaded and do not reach failure for one of the loading directions.
Empirical models for the drift capacity of URM walls
Deformation-based seismic assessment methods for URM structures require as input parameter estimates of the drift capacity of URM walls. The objective of this section is to review existing drift estimates for URM walls by comparing these to a dataset of 64 walls (Table 5) . Hereinafter, the term drift capacity refers to the minimum drift capacity associated with horizontal load failure. If the horizontal failure was not measured before vertical failure was reached, the maximum drift is taken (see bold values in Table 4 ).
Drift capacity models in codes
The Eurocode, the Italian, New Zealand and Swiss code as well as several FEMA guidelines include drift capacity equations for URM walls, which are summarised in the following. EC8-Part 3 [4] estimates the drift capacity as a function of the failure mode. According to EC8-Part 3 [4] the ''Significant Damage'' (SD) drift capacity is 0.4% for shear failure and 0.8% H 0 /L for flexural failure where L is the length of the wall. The German national annex to EC8 [9] limits the use of 0.4% drift for shear failure for walls with an axial stress ratio of r 0 /f k 6 0.15 where f k is the characteristic compression strength of the masonry. For walls loaded to higher axial stress ratio the SD drift capacity is reduced to 0.3% for shear. The NC drift capacities are estimated as 4/3 times the SD drift capacities: 4/3 Â 0.4% = 0.53% for shear failure and 4/3 Â 0.8% H 0 / L = 1.07% H 0 /L for flexural failure. In EC8-Part 3, the limit state ''Near Collapse'' (NC) corresponds to a 20% loss of peak strength and therefore to the definition of horizontal load failure adopted in this paper. The Italian code only provides drift limits for the ultimate limit state (ULS) [10] . The shear drift capacity corresponds to the SD limit state drift capacity in EC8-Part 3 but for flexural failure the Italian code provides a fixed drift value of 0.8%, which is hence independent of the slenderness ratio H 0 /L [10, 11] . The supplement on masonry structures [12] to the New Zealand Standard for seismic assessment [13] proposes ULS drift capacities which are equal to the values in EC8-Part 3 for the SD limit state. The only difference relates to the drift capacity of walls with flanges, which is assumed 50% larger than for walls with a rectangular cross section when failing in shear (0.6% instead of 0.4%). FEMA 306 [14] distinguishes drift capacities for different damage levels and failure modes. The following drift capacities are specified for the ''heavy damage'' limit state: For a failure comprising only horizontal cracking due to rocking, FEMA 306 assumes 0.8% H s /L, where H s is the free height between two storeys. For a failure mode comprising only sliding along the joints (in form of stair step cracks), FEMA assumes 0.4%. For walls failing due to diagonal cracking no drift capacities but only ductility capacities are specified. For mixed modes comprising toe crushing, flexural cracking and bed joint sliding, FEMA 306 specifies a drift capacity of 1.2% and for mixed modes with flexural cracking and toe crushing only a drift capacity of 0.3%. Both mixed failure modes apply only to squad walls with L/H s > 1.25. Hence, if one stipulates that ''heavy damage'' corresponds to the SD limit state and neglects the mixed modes, the drift capacities proposed by FEMA 306 [14] are very similar to those in EC8-Part 3 [4] . FEMA 273 [15] , a guideline for the seismic rehabilitation of buildings, distinguishes also between shear and flexural failure modes when defining drift capacities. NC limit state drift limits for walls of primary structural importance are 0.4% for shear failure and 0.4% H s /L for flexural failure. Assuming that d NC /d SD = 4/3, the drift capacities in FEMA 273 are 33% lower than those in EC8-Part 3.
Unlike most codes, the Swiss guideline on the seismic assessment of URM structures SIA D0237 [16] does not estimate the drift capacity as a function of the failure mode but expresses the drift capacity as a function of the axial stress ratio r 0 /f d , where f d is the design value of the masonry compressive strength. This approach originates from [3] and was developed to be used in conjunction with the Swiss Masonry code SIA 266 [17] , which determines the strength capacity of a masonry wall using stress fields and therefore does not distinguish explicitly between different failure modes. Drift estimates that are independent of the failure mode might also be convenient for vulnerability studies of large building stocks as axial load and shear span ratio can be roughly estimated from the geometry of the building and the SIA D0237 estimates the drift capacity d ULS at the life safety limit state [16] which can be assumed to correspond approximately to the SD limit state:
where d 0 is the drift capacity at zero overburden stress, r n is the design value of the normal stress and f d is the design value of the compressive strength of the masonry. For the life safety limit state, SIA D0237 proposes values of 0.8% if the wall is loaded as a cantilever and 0.4% if the boundary conditions are fixed-fixed. Unlike other codes, it accounts explicitly for the boundary conditions to which the wall is subjected. To compare the predicted values to the The data on test units 1-42 was taken from [18] . The first references indicated are the primary references given in [18] . a Shear span estimated from drawing or photo of test setup in corresponding reference. b Shear span could not be estimated from corresponding reference. c Primary reference was not specified in [18] . 
Fixed-fixed :
SIA D0237 intended these equations to yield conservative estimates of the drift capacity obtained from quasi-static cyclic tests [16] . They were determined on the basis of a dataset comprising walls of different heights tested as cantilevers or with fixed-fixed boundary conditions.
Dataset of quasi-static wall tests including PUP-series
The dataset comprises results from quasi-static tests on URM walls constructed with clay brick units and normal cement mortar. All walls were constructed with full-size brick units. Own tests with fully mortared and unfilled head joints as well as results reported in the literature, e.g. [18] , suggested that the type of head joints has relatively little influence on the deformation behaviour of masonry walls. For this reason, quasi-static tests on URM walls with fully mortared head joints, unfilled head joints, mortar pocket as well as tongue and groove masonry are considered. Table 5 summarises the dimensions of the walls, the ratio H 0 /H, the applied axial stress r 0 , the mean masonry strength f u , the brick height h B , the observed failure mode as well as the drift capacity d u . The dataset includes in total 64 tests that stem from 13 test series conducted in 8 different structural engineering laboratories.
The information on test units 1-42 is taken from [18] . It collects data on a large variety of masonry wall tests, assesses the failure modes and determines the drift capacity of the walls in a uniform manner. Tests 43-64 were added from different primary sources and include also the six tests PUP1-6 presented in the first part of this paper. The data was processed as in [18] . Thus, the ultimate drift d u is determined as the minimum value of the drifts attained at horizontal and vertical load failure. Apart from the PUP-series, all walls were subjected to boundary conditions corresponding either to fixed-fixed or to a cantilever. The ratio H 0 /H was therefore for these tests either 0.5 or P1.0. For the cantilever tests the shear span H 0 was defined as the distance between the centre line of the horizontal actuator and the base of the walls (see Table 5 ).
Consideration of loading history and strain rate
During seismic loading, URM walls are subjected to loading histories substantially different to the symmetric cycles with increasing amplitudes applied in most quasi-static tests. Furthermore, the strain rates under seismic loading are much larger than in quasistatic tests. For this reason, drift limits derived from quasi-static cyclic tests (d CT ) should not be adopted directly in code recommendations for d NC but need to be modified to account for loading history (w LH ) and strain rate (w SR ) effects. In the absence of mechanical models that account for these effects in an explicit manner, we propose the following simple relationship to estimate the seismic drift capacity associated with the NC limit state from quasi-static cyclic test results:
At present, the dataset for determining the correction factor w SR is very limited. Abrams and Paulson [31, 32] report a more important crack propagation in URM structures when tested quasi-static cyclically than when tested dynamically. However, Tomaževič [33] and Elgawady [34] report similar displacement capacities for masonry walls tested quasi-statically or dynamically suggesting hence w SR = 1.
With regard to loading history effects (w LH ) the data is also rather limited: the dataset (Table 5) contains five tests which were not subjected to symmetric cycles. Nevertheless, a comparison between cycles from real seismic loading and symmetric cycles with increasing amplitude is missing. The five tests are PUP6, which was subjected to an asymmetric loading history, and four tests conducted as monotonic tests. For four of these five tests also counterparts subjected to a symmetric cyclic loading history are available and allow to draw first conclusions regarding the effect of the load history: as outlined in Section 4.3, PUP6 can be compared to PUP4 while the counterparts of tests 43, 44 and 52, which had been subjected to monotonic loading, are the cyclic test 46, 47 and 53. Fig. 14 shows that the drift capacity of monotonically or asymmetrically loaded test units is larger than of symmetrically loaded test units. The ratios of drift capacities varied between 1.75 and 2.10. The drift capacity of a monotonically or asymmetrically loaded wall is therefore approximately twice the drift capacity of a cyclically loaded wall. This suggests that w LH could be significantly larger than unity. Based on own experience with quasi-static cyclic and shake table tests, we estimate that w SR * w LH could be in the order of 2-3. Since quasi-static cyclic tests will most likely remain the standard test for URM walls in the future, further research on w SR and w LH is needed but is out of the scope of this paper.
Size effect on drift capacity
Empirical drift capacity models, e.g. [16] , were developed as best fit lines to datasets similar to the one presented in Table 5 . Many of the wall tests documented in the literature were conducted on walls with heights less than a storey. Such walls are present in facades with masonry spandrels while walls at the interior of the building and walls in modern URM buildings typically span over the entire storey height. Assuming a storey height of H s = 2.4 m, out of the 64 test units documented in Table 5, only Including test units of different heights in the dataset when developing simple empirical models has, however, a significant implication: Fig. 14 shows that the experimentally determined drift capacity is strongly dependent on the height of the test unit. Hence, there is a strong size effect on the drift capacity of URM walls, which leads to larger drift capacities for walls of smaller heights. To our knowledge, this effect has been disregarded when developing empirical drift capacity models from experimental results, which might potentially lead to unsafe drift predictions for storey-high walls. The trend in the experimental data agrees, with results of a numerical study by Lourenço [30] who analysed masonry structures at different scales by means of simplified micro models.
Lourenço [30] found that the maximum strength of masonry walls increased as the size of the specimen was reduced. This applied if failure occurred due to tensile failure of bricks or due to crushing of the masonry. For sliding failure, the strength was independent of the size as sliding is a ductile mechanism. For compression failure modes, which are characterised by a softening regime after reaching the peak strength, also the slope of the post-peak branch depended strongly on the size of the test unit: the larger the wall, the steeper the drop in strength after peak strength and thus the smaller the displacement capacity associated with horizontal load failure. Lourenço acknowledged that the adopted modelling approach might not be adequate for capturing correctly compression failure. However, his results are confirmed qualitatively by the experimental data in Fig. 14: most walls subjected to horizontal displacements fail eventually due to crushing of the compression zone or the failure along a diagonal crack passing through bricks. For such failure modes, size effects are expected to play a role. A pure sliding failure, which would not be affected by size effects, is hardly observed. Most failure modes are in fact hybrid modes and depending on the contribution of the different mechanisms, the size effect might influence the drift capacity to different extents. At present, mechanical models that predict the deformation capacity of URM walls are, however, lacking and one must fall back on simple empirical models. To account for the size effect in empirical drift capacity models a height dependent term should be introduced; a simple model including such a term is proposed in Section 5.5.
Revised empirical relationships for the drift capacity of URM walls
In the following, the coefficients of three different drift capacity models of walls are evaluated from the dataset of Table 5 . These are: (i) the model in EC8-Part 3 [4] which distinguishes between failure modes, (ii) the model in SIA D0237 [16] which accounts for the boundary conditions (axial stress ratio and moment profile), and (iii) a new model which introduces a height dependent term to the SIA-model. In accordance with the definition of d CT , only walls subjected to symmetric cycles are considered. 5.5.1. Drift capacity models based on failure modes (Modified EC8 model) Fig. 15 plots for three different failure modes (shear, flexural, hybrid/unknown) the experimentally determined drift capacities as a function of the test units' height. For all three failure modes, the drift capacities decrease with the wall height. Based on the cyclic tests of the dataset in Table 5 , the 5 and 50% fractile values of the drift capacity of walls of all heights failing in shear and flexure are:
Shear failure (22 test units, Fig. 15a ):
Flexural failure (25 test unit, Fig. 15b ):
Including the slenderness ratio H 0 /L does not improve the goodness of fit. It is therefore suggested to omit, as the Italian code does [10, 11] , the slenderness ratio and to estimate the flexural drift capacity also by a constant value:
Flexural failure (25 test unit):
The ratios between 5% and 50% fractile values are for shear and flexural failure modes approximately 2.5-3. Assuming a drift ratio The values were rounded to the nearest 0.05. The 5% fractile values are slightly smaller than the drift capacities proposed in EC8-Part 3 [4] , which would correspond for the assumed correction factors to 10-30% fractile values of the dataset in Table 5 .
Drift capacity model based on boundary conditions (Modified SIA-model)
To generalise the effect of the shear span on the wall's drift capacity, Eqs. (5) and (6) are condensed into: 
Conclusions
In a first part, the paper presents results of six quasi-static cyclic tests on URM walls which investigated the effect of the boundary conditions on the deformation behaviour of URM walls. The boundary conditions were characterized in terms of applied axial load ratio and moment restraint provided at the top of the wall, which was expressed in terms of the shear span. The results showed that the larger the axial load ratio or the smaller the shear span, the smaller the drift capacity of URM walls. For larger axial load ratios, shear cracks tended to pass through bricks rather than joints leading to faster strength degradation and hence, to a smaller drift capacity of the walls. For a smaller shear span, the contribution of the flexural deformations of the masonry, which result from the opening of horizontal joints, was significantly reduced, resulting in a smaller total drift capacity of the walls.
In the second part of the paper a dataset comprising the results of 64 quasi-static tests on URM walls was analysed. This dataset confirmed the trends observed with regard to the boundary conditions from the first part of the paper. The analysis of the dataset showed further the importance of size effects on the deformation capacity of URM walls: with increasing test unit size, the drift capacity of the walls reduced. Empirical estimates of drift capacities that are included in today's codes do not account for this effect and drift capacity models are independent of the wall's height (e.g. [16] ). As a result, when applied to storey-high walls, drift capacities are overestimated.
For seismic analysis of URM structures, a new drift capacity model was proposed, which consists of three components: A drift capacity d CT derived from quasi-static cyclic tests and two correction factors -w SR and w LH -accounting for loading history and strain rate effects. Determining the two correction factors was out of the scope of this article and significant further research is required; as a first rough value we estimate from own tests a value of 2-3 for w SR * w LH . For d CT a new model accounting for boundary conditions (axial load ratio and moment profile) and size effects was proposed. Unlike previous models (EC8-Part 3 [4] , SIA D0237 [16] 9)) and (e, f) the new model (Eq. (11)).
